Alkyl substituted polyfluorenes are promising candidates for use in organic display applications due to efficient, pure blue ͑polarized͒ luminescence, high charge carrier mobility, and good processabilty. Poly͑9, 9Ј-dioctylfluorene͒ ͑PFO͒ is an especially interesting polyfluorene derivative, because of its self-organization into distinct supramolecular structures at room temperature. In addition to the amorphous glassy phase, PFO exhibits a unique packing behavior, the so-called ␤-phase formation, which leads to a higher degree of organization. We show that the ␤-phase is an energetically favorable environment for charge carriers. We look into the migration of charges from glassy polyfluorene to areas where PFO exhibits ␤-phase organization and find that the charge carrier mobility is higher in ␤-phase polyfluorene than in glassy polyfluorene. Our results illustrate that the order on a supramolecular scale determines the conductive properties of conjugated polymers to a large extent. We conclude that the performance of devices based on polyfluorene can be significantly improved by the enhancement of the supramolecular order.
Alkyl substituted polyfluorenes are promising candidates for use in organic display applications due to efficient, pure blue ͑polarized͒ luminescence, 1,2 high charge carrier mobility, 3 and good processabilty. 4 Poly͑9, 9Ј-dioctylfluorene͒ ͑PFO, see inset of Fig. 1͒ is an especially interesting polyfluorene derivative, because of its selforganization into several distinct supramolecular structures at room temperature. In addition to the amorphous glassy phase, PFO exhibits a unique packing behavior, the so-called ␤-phase formation, which leads to regions with a higher degree of organization. 5, 6 Furthermore, crystalline or ␣-phase regions can form in the glassy PFO matrix upon specific thermal treatment. 7, 8 With this morphological diversity, PFO offers a unique possibility to study the optoelectronic properties for different supramolecular organizations, without the need to chemically modify the polymer. The extent to which the conductive properties of conjugated polymers are determined by the order on a supramolecular scale is nicely illustrated by the hole mobility in glassy films of PFO: The ͑al-ready relatively high͒ time of flight mobility of 3 ϫ 10 −4 cm 2 / V s for isotropic glassy films 3 can be increased by an order of magnitude to 8.5ϫ 10 −3 cm 2 / V s by homogeneous alignment.
9 ␤-phase polyfluorene is found to be an energetically favorable environment for excitons. 5, 10, 11 The change in optical properties for PFO upon ␤-phase formation is widely discussed in the literature, e.g., for single PFO chains, 12 for the polymer in solution, 13 and for PFO films. 2 In this contribution we show that the ␤-phase is an energetically favorable environment for charge carriers. It was found that charges migrate from glassy polyfluorene to areas where PFO exhibits ␤-phase organization and that the charge carrier mobility is higher in ␤-phase polyfluorene than in glassy polyfluorene.
␤-phase organization occurs within the glassy polyfluorene matrix in condensed phase PFO upon thermal treatment 14 and upon exposing PFO films to solvent vapors. 15 The ␤-phase domains are relatively small ͑tens of nanometers͒ ͑Ref. 6͒ as compared to the dimensions of the polymer film, which is often in the order of several hundred nanometers. In a standard device setup ͑such as a field effect transistor or a sandwich configuration used for time of flight measurements and space charge limited current measurements͒, the charge carriers have to migrate over the entire thickness of the polymer film to contribute to the conductivity signal. Therefore, it is not possible to exclusively study the charge carrier motion in ␤-phase polyfluorene with a device setup.
The time resolved microwave conductivity ͑TRMC͒ ͑Ref. 16͒ technique is a contact-less measurement method that probes the conductive properties of a solid sample using an oscillating electromagnetic field. All mobile charge carriers present in the sample contribute to the conductivity signal. Thus, the motion of charge carriers in ␤-phase polyfluorene can be probed even if only part of the sample exhibits ␤-phase organization.
The polyfluorene derivative poly͑bis͑2-ethyl͒hexyl-fluorene͒ ͑PF2/6, see inset of disordered glassy phase if no thermal treatment is applied. 17 In contrast to PFO no ␤-phase formation has been observed for PF2/6. 18 Comparison of the conductivity for PFO and PF2/6 should give insight into the effect of ␤-phase ordering on the conductive properties of PFO.
PFO ͑Ref. 19͒ and PF2/6 ͑Ref. 20͒ were prepared via a nickel-mediated Yamamoto coupling reaction in THF by using 2,7-dibromo-9,9Ј-dioctylfluorene and 2,7-dibromo-9, 9Ј-di-2-ethyl-hexylfluorene as the monomer, respectively. 21 The molecular weights of the polymers were determined by routine size exclusion chromatography measurements giving number averaged molecular weights of 190ϫ 10 3 and 152 ϫ 10 3 g / mol with polydispersity indexes of 2.4 and 1.9, respectively. Since PFO was precipitated from the relatively polar solvent ethyl acetate, this polyfluorene is likely to contain a considerable fraction of ␤-phase. 10 The presence of ␤-phase organization is confirmed by the fluorescence excitation spectrum. 21 No special heat treatment was used during the preparation, therefore the presence of crystalline or ␣-phase polyfluorene is very unlikely. About 10 mg of solid polymer samples was compressed manually into a perspex container with a tight fitting polyethylene rod. Subsequently, the container was placed in the microwave wave guide, where the samples were irradiated with 10 ns pulses of 3 MeV electrons, which results in the generation of electronhole pairs with a uniform concentration close to one micromolar. The change in conductivity that results from the generation of these positive and negative charge carriers is monitored using the TRMC technique on a time scale ranging from nanoseconds to milliseconds. It is not possible to distinguish between the contribution of positive or negative charges to the conductivity signal.
In Fig. 1 the transient conductivity is shown for PF2/6 and PFO. For both polymers, the conductivity increases while charge carriers are created during the 10 ns electron pulse. For PF2/6 the conductivity decays to zero on a time scale of hundred nanoseconds. For PFO, however, a delayed increase in conductivity is observed on a time-scale from tens of nanoseconds up to microseconds. This increase in conductivity indicates a delayed formation of charge carriers and / or a delayed increase in charge carrier mobility. A delayed formation of charges can result from bimolecular annihilation of triplet excitons that are formed by nongeminate recombination of charges. A delayed increase in charge carrier mobility can result from the migration of charge carriers to regions with an enhanced charge carrier mobility.
The similarity between the conductivity for PFO and PF2/6 on a time scale up to tens of nanoseconds shows that the conductivity for PFO is dominated by charge carriers in the glassy phase on this short time scale. The difference between the conductivity for PFO and PF2/6 on a longer time scale must be attributed to the presence of ␤-phase regions in PFO. The observed increase in conductivity can be explained by the migration of charges to ␤-phase regions. These charges can be generated directly during the electron pulse, or can be the result of triplet-triplet annihilation in the glassy phase. 21 The increase of the transient conductivity in PFO shows that the mobility of charges in ␤-phase polyfluorene is higher than the mobility of charge carriers in glassy polyfluorene. Moreover, the migration of charges to regions with ␤-phase organization directly indicates that the ␤-phase is an energetically favorable environment for charge carriers. This is consistent with the higher degree of organization observed for ␤-phase polyfluorene. 5, 6 The faster decay of the conductivity at higher dose for PF2/6 shows that charges in the glassy phase decay ͑at least in part͒ via second order charge recombination. In contrast, the decay rate of the conductivity for PFO is dose independent, indicating that charges in ␤-phase regions decay via a first order process ͑most likely trapping of charges͒. 21 Since the fraction of polyfluorene that exhibits ␤-phase organization is unknown, it is not possible to determine the ratio between the mobility of charges in the two phases.
The morphology of thin films of PFO depends strongly on the history and preparation method of the film. The supramolecular organization of films can be altered by choice of solvent, 13 by exposing the prepared film to solvent vapors 4, 13, 15 or by thermal treatment of the film. 4, 14 In the present experiments it is found that the delayed increase in conductivity for PFO is less pronounced for more compressed samples, i.e., for higher sample density. Since the observed conductivity is directly related to the morphology of the sample, these experiments show that the supramolecular organization of solid samples of PFO is also affected by the sample density. 21 To gain insight into the mechanism of charge carrier migration between the different phases, the transient conductivity in PFO was studied at various temperatures ͑see Fig. 2͒ . The transient conductivity is found to be strongly temperature dependent. The time scale on which the conductivity reaches the maximum value decreases by four orders of magnitude as the temperature increases from 173 K to 383 K and is found to be thermally activated with an activation energy of 0.20 eV. 21 This temperature dependence of the transient conductivity is completely reversible, therefore, no permanent changes in the sample morphology occur in this temperature range. The time where the conductivity reaches the maximum value is related to the number of charge carriers present in the ␤-phase, and thus to the transfer rate of charge carriers from the glassy polymer matrix to the ␤-phase, and to the decay rate of charge carriers in the ␤-phase. The activation energy of 0.20 eV reflects the thermally activated diffusion of the species involved and is comparable to activation energies generally found for the mobility in conjugated polymers.
In conclusion, we have shown that the ␤-phase in Poly͑9,9Ј-dioctylfluorene͒ is an energetically favorable environment for charge carriers, with an enhanced charge carrier mobility. The switching times of organic display devices critically depend on the charge carrier mobility in the active layer. Hence, our results show that the performance of display devices based on polyfluorene can be significantly improved by the enhancement of the supramolecular order.
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